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Original ArticleMagnetic Resonance Imaging Technique for Visualization of Irregular Cerebrospinal Fluid
Motion in the Ventricular System and Subarachnoid SpaceTomohiko Horie1, Nao Kajihara1, Mitsunori Matsumae2, Makoto Obara3, Naokazu Hayashi2, Akihiro Hirayama2,
Ken Takizawa2, Taro Takahara4, Satoshi Yatsushiro5, Kagayaki Kuroda5-BACKGROUND: Many studies have shown that cere-
brospinal fluid (CSF) behaves irregularly, rather than with
laminar flow, in the various CSF spaces. We adapted a
modified previously known magnetic resonance imaging
technique to visualize irregular CSF motion. Subsequently,
we assessed the usefulness and clinical significance of
the present method.
-MATERIALS AND METHODS: Normal CSF motion in 10
healthy volunteers was visualized with the dynamic
improved, motion-sensitized, driven-equilibrium steady-state
free precession technique. Subsequently, CSF motion visual-
ization with a modified sequence was applied to 3 patients.
-RESULTS: In healthy volunteers, we achieved visualiza-
tion of the irregularity of CSF flow in the ventricles and spinal
canal, whereas CSFmotionwas diminished in the peripheral
part of the intracranial subarachnoid space. In one case, we
confirmed the patency of the patient’s third ventriculostomy
fenestration site. In the other, we verified the usefulness of
the proposed sequence for determining the communication
between the ventricle or subarachnoid space and the cyst.
-CONCLUSIONS: Using the present sequence, we ob-
tained images that accentuated CSF motion, which isKey words
- Balanced steady-state free precession
- Cerebrospinal fluid
- Cerebrospinal fluid motion
- Improved motion-sensitized driven-equilibrium
- Magnetic resonance imaging
Abbreviations and Acronyms
AP: Anterior-to-posterior
Balanced SSFP: Balanced steady-state free precession
CSF: Cerebrospinal fluid
Dynamic iMSDE SSFP: Dynamic improved motion-sensitized driven-equilibrium
steady-state free precession
FH: feet-to-head
iMSDE: Improved motion-sensitized driven-equilibrium
MRI: Magnetic resonance imaging
MSG: Motion-sensitized gradient
PC: Phase contrast
RF: Radiofrequency
RL: Right-to-left
WORLD NEUROSURGERY 97: 523-531, JANUARY 2017largely composed of irregular motion. This method does not
require pulse triggering or complex post-processing of
images and allows visualization of CSF motion in a short
period of time in selected whole imaging planes. It can
therefore be applied clinically to diagnose various dis-
eases that cause abnormalities in the CSF space.INTRODUCTIONadioisotopes traditionally have been used for the imaging
of cerebrospinal ﬂuid (CSF). Through radioisotopeRstudies, CSF ﬂow has been interpreted in the following
manner: CSF produced by the choroid plexus within the ventricles
ﬂows unidirectionally in the caudal direction from the lateral
ventricle to the fourth ventricle, subsequently is drained from the
fourth ventricular exit, circulates around the spinal cord and over
the surface of the brain, and eventually is absorbed by the
arachnoid granulations, which are present near the venous
sinuses. These are established concepts in the literature.
Numerous experimental ﬁndings, however—as well as novel
insights obtained by molecular, cellular, and neuroimaging
approaches—indicate that our understanding of CSF physiology is
reaching new horizons. In fact, CSF ﬂow is now thought to beSSFP: Steady-state free precession
Time-SLIP: Time-spatial labeling pulse
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plexus to the major intracranial venous sinuses.1-4 With the
application of magnetic resonance imaging (MRI) to the evalua-
tion of CSF ﬂow dynamics, these historical concepts of CSF ﬂow
need to be revised. Noninvasive observations that use MRI have
led to the discovery of facts that now supersede historical con-
cepts.5-7 Surprisingly, the net CSF ﬂow through the Sylvian
aqueduct in hydrocephalic patients with hydrocephalus has been
found to be directed mainly in the caudal cephalic direction with
ﬁlling of the third ventricle.8 This reverse direction of ﬂow
contradicts previously established concepts in the literature.
Notable examples of such discoveries include the irregular
movement of CSF within the ventricles and the nonlaminar
motion of CSF between the adjacent ventricles.
As a result of these ﬁndings, the use of the term “CSF ﬂow,”
which represents the circulation of CSF akin to the ﬂow of a river,
has changed to “CSF motion” or “CSF movement.” Phase contrast
(PC) is a longstanding methodology and has been used widely in
MRI studies of CSF. Currently, PC allows us to quantitatively
analyze velocity and pressure gradient in the CSF space.9-16 Recent
progress in the time-resolved, 3-dimensional PC technique has
revealed that CSF displays irregular motion in most of the intra-
cranial CSF spaces.5 The time-spatial labeling pulse (time-SLIP)
technique also has played a key role in CSF studies.6 This
technique observes the travel of water protons in the labeled
CSF region and thus demonstrates the pathway of the CSF.
Through the combination of these 2 methods, the elucidation of
CSF dynamics has progressed signiﬁcantly in recent years, and
this clariﬁcation has shown that CSF exhibits irregular motion
in most of the CSF cavities. Thus, the 2 existing methods may
complement each other and allow better visualization of CSF
motion than either method alone.
The primary drawback of the PC approach is that it is time
consuming, especially when the method is used in a time-resolved,
3-dimensional manner. The drawback of the time-SLIP technique is
that it involves a relatively complicated process for labeling the CSF.
Thus, we propose a simple imaging technique that uses MRI to
assess the irregular CSF motion in the CSF cavities.
In the present study, we propose a modiﬁed imaging method,
dynamic improvedmotion-sensitizeddriven-equilibriumsteady-state
freeprecession (dynamic iMSDESSFP),which conveniently visualizes
CSF motion in the entire imaging plane, similar to the PC method.
This dynamic iMSDE SSFP is a modiﬁed imaging method that takes
consecutive images using both improved motion-sensitized driven-
equilibrium (iMSDE) and balanced steady-state free precession
(balanced SSFP) and allows for the observation of CSF ﬂuid dynamics
with signal change. Balanced SSFP and iMSDE are both sequences
that are recognized widely by radiologists. Balanced SSFP is a rapid
imaging technique that is superior in allowing the visualization of
blood and water, whereas iMSDE is suitable for visualizing irregular
spin. In the present study, we combine these 2methods and describe
an imaging sequence that is useful in elucidating the pathology of
conditions such as hydrocephalus and cysts, which neurosurgeons
often encounter. We present the details of the dynamic iMSDE SSFP
method used to identify irregular CSF motion in the ventricular and
subarachnoid spaces as well as a discussion of the clinical usefulness
of dynamic iMSDE SSFP.524 www.SCIENCEDIRECT.com WORLD NEUMETHODS
This research was approved by the Internal Review Board of Tokai
University Hospital (IRB No. 13R-066). All volunteers were
examined after appropriate informed consent was obtained,
consistent with the terms of our institutional internal review
board’s approval form.
In this study, we investigated the usefulness of dynamic iMSDE
SSFP in 10 healthy male volunteers between 23 and 58 years old
(mean ¼ 37  11 years) and in 3 patients with the following
conditions: 1 with obstructive hydrocephalus caused by a cyst of
the quadrigeminal cistern, 1 after a third ventriculostomy, and 1
before and after surgery to remove the wall of an arachnoid cyst in
the posterior fossa.
The principles governing of the iMSDE are described else-
where.17 To summarize, iMSDE uses the decreased signal that
arises from phase dispersion of the spin caused by irregularity
of CSF, which happens especially where CSF passes through
small foramen, or in the large chamber. A lower signal is
displayed when great irregularity (turbulence) of CSF motion is
present.18
A 1.5-T clinical magnetic resonance scanner (Achieva R3.2,
Philips Medical Systems, Best, Netherlands) with a 6-channel
phased array, receive-only head coil was used. The acquisitions
were conducted with and without the iMSDE preparation for each
subject. Figures 1 and 2 shows the entire scan conﬁguration. An
iMSDE technique was implemented on the scanner. The iMSDE
preparation consists of a spatially nonselective hard 90 excitation
pulse, 2 refocusing pulses weighted in a Malcolm Levitt’s
composite pulse opposing phase-pair scheme to compensate for
imperfections in the shape of the radiofrequency (RF) pulse,17-19
and a hard 90 ﬂip back pulse (Figure 1). All the refocusing
pulses were composite hard pulses (90x-180y-90x) to provide
further correction for errors in the amplitude of the excitation
RF ﬁeld. Bipolar designed motion-sensitized gradients (MSGs)
were placed between these RF pulses to dephase the magnetization
of the ﬂowing spins. Additional bipolar gradients identical to the
block of bipolar gradients used in the prepulse were inserted in
front of the ﬁrst 90 excitation pulse to optimize eddy current
cancellation.17 For iMSDE preparation, the following parameters
were used: preparation delay (interval between [90 degrees þ x]
and [90 degrees  x] pulses), 20 milliseconds; velocity encoding
equivalent to the applied MSGs, 5 cm/s; and directions of MSGs
(feet-to-head [FH], anterior-to-posterior [AP], and right-to-left
[RL]). The total duration of the preparation was approximately
55 milliseconds.
The following were used for steady-state free precession
(SSFP) acquisition: sequence, balanced turbo ﬁeld-echo; slice
thickness, 10 mm; ﬁeld of view, 250  250 mm; acquisition
matrix, 208  208; reconstruction matrix, 256  256 (voxel size,
0.98  0.98  10 mm); repetition time/echo time, 3.5/1.73 mil-
liseconds; ﬂip angle, 90; readout bandwidth, 1068.4 Hz/pixel;
reduction factor, 2.0; turbo ﬁeld-echo factor (number of phase
encodings after a preparation process), 107; pause duration,
406 milliseconds; and number of acquisitions, 1. These settings
led to the temporal resolution of dynamic scans of 835 milli-
seconds. Such an acquisition was repeated 15 times with iMSDE
off and 15 times with iMSDE on as a set of dynamic scans in theROSURGERY, http://dx.doi.org/10.1016/j.wneu.2016.07.062
Figure 1. Schema of the improved motion-sensitized driven-equilibrium preparation pulse. RF, radiofrequency.
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approximately 13-second duration, which is long enough to
collect CSF motion information during both a cardiac cycle and a
respiration cycle. Similar dynamic scans were obtained for AP
and RL, consecutively. As described previously, a triaxial mag-
netic ﬁeld gradient was used to detect phase disturbances
(irregularity in velocity distribution) in reference to 3 directions
(FH, AP, and RL). If, hypothetically, only 1 axis is used, then
only the irregularities that are visible in a certain direction can be
detected, which would be insufﬁcient for detecting the motion of
CSF that travels through complex spaces. The receiver gain for
both iMSDE on and off scans was set to remain constant. To
visualize CSF motion and accentuate its features, a selected
image (10th image) with iMSDE off was subtracted from those
with iMSDE as shown in Figure 2B. With this subtraction, the
brain parenchyma, skull, and other extracranial soft tissues
were subtracted, and the image that best accentuated the
details of the CSF and that was most greatly inﬂuenced by
dephasing as a ﬂuid was completed. In the subtraction image,
CSF with dephasing is represented as low signal intensity in
comparison with subtracted tissue; furthermore, displaying the
consecutive images as a video enhanced the visualization of
CSF motion.RESULTS
Volunteer ScansVideo available at
WORLDNEUROSURGERY.orgIn the sagittal and coronal images of dynamic iMSDE
SSFP, CSF motion could be ascertained throughout
an entire imaging plane (Videos 1 and 2). Moreover,
the distinction between the ventricular system or
subarachnoid space and brain parenchyma or spinal
cord was clear, verifying accurate visualization of
the CSF space. When we examined CSF motionWORLD NEUROSURGERY 97: 523-531, JANUARY 2017using dynamic iMSDE SSFP, severe irregularity of the CSF
within the third ventricle in the ventricular system was observed
in all volunteers, and this motion was transmitted to the
adjacent lateral ventricle and fourth ventricle through the
foramen of Monro and the Sylvian aqueduct (Figure 3). On
examination of the subarachnoid space, irregular motion was
evident on the ventral surface of the brainstem, on the ventral
surface of the cervical spinal cord, and in the periphery of the
foramen magnum in all volunteers when the dynamic iMSDE
SSFP method was used (Figure 3A).
Figure 3B shows the coronal images of dynamic iMSDE SSFP in
a healthy 57-year-old male volunteer. A clear contrast change in
the CSF region in the anterior horn of the lateral ventricle linking
to the third ventricle via the foramen of Monro was seen in the
dynamic iMSDE SSFP images, indicating that this technique
detects the inﬂow motion of CSF into the lateral ventricle. In
addition, irregular motion also was observed on the dorsal surface
of the cervical spinal cord in 2 volunteers. In the supratentorial
subarachnoid space, although increased irregular motion
appeared in the Sylvian ﬁssure, irregular motion was not observed
in the convexities; these ﬁndings were common among all
volunteers (Figure 3).
Illustrative Cases
To assess the patency of the fenestration site after a third
ventriculostomy in 1 patient, we performed a dynamic iMSDE
SSFP examination. The resultant images in Figure 4 and Video 3show a change in the low-signal intensity region
reﬂecting the bidirectional, intensely irregular motion
of the CSF. The results showed satisfactory commu-
nication between the prepontine cistern and the third
ventricle.
In another patient, before surgical removal of
the wall of an arachnoid cyst in the posteriorwww.WORLDNEUROSURGERY.org 525
Figure 2. Schematic diagram of the proposed dynamic
improved motion-sensitized driven-equilibrium (iMSDE)
steady-state free precession design. (A) Balanced turbo
field-echo (bTFE) acquisitions with and without iMSDE
preparation are dynamically obtained 15 times, each at
an identical slice. (B) To create motion-sensitized
contrast, subtraction of the iMSDE on and iMSDE off
images was performed. The tenth dynamic image
without iMSDE was selected and used for the
subtraction.
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magnum and the arachnoid cyst was not recognized with the
dynamic iMSDE SSFP examination as shown in Figure 5B and
Video 4. After the surgery, however, satisfactory communication
between the cisterna magna and the cavity of the arachnoid cyst
was observed as seen in Figure 5C and Video 5, verifying that
the dynamic iMSDE SSFP technique is useful for preoperative
and postoperative evaluations of CSF motion.
An additional case, consisting of images of a patient with
obstructive hydrocephalus due to a cystic lesion of the quad-
rigeminal cistern, is shown. Marked irregular CSF motion was
observed in the third ventricle and within the cyst. First, multislice
dynamic iMSDE SSFP allowed us to ﬁnd the point of communi-
cation between the third ventricle and the cyst (Figure 6A and
Video 6). Second, we applied the time-SLIP method in which
the labeled CSF traveled through the communication point, which
was explored by dynamic iMSDE SSFP (Figure 6B). This stepwise
approach, which demonstrated the CSF motion using dynamic
iMSDE SSFP and conﬁrmed the exact CSF communication point
between the cyst and the third ventricle with the addition of the526 www.SCIENCEDIRECT.com WORLD NEUtime-SLIP method, could prove to be very useful in the noninva-
sive examination of CSF physiology.DISCUSSION
This study was conducted to examine the feasibility and useful-
ness of CSF motion visualization with the dynamic iMSDE SSFP
technique. Dynamic iMSDE SSFP has several advantages: 1) it is an
imaging method that results in the highlighting of various CSF
motions, such as irregular CSF motion, which increase dephasing
and pulsatile motion; 2) when this technique is used, CSF motion
can be observed in the entire imaging plane; 3) it does not require
pulse, cardiac, or respiratory gating; 4) it does not have compli-
cated tagging pulse settings; 5) it does not require complex
postprocessing of images; and 6) images can be obtained in a
short period of time.
This is the ﬁrst demonstration of a dynamic iMSDE SSFP
sequence in which balanced SSFP acquisition in combination with
iMSDE is applied to irregular CSF motion. By combining this
method with existing imaging methods such as PC and time-SLIP,ROSURGERY, http://dx.doi.org/10.1016/j.wneu.2016.07.062
Figure 3. Dynamic improved motion-sensitized driven-equilibrium
steady-state free precession (iMSDE SSFP) images in a healthy volunteer.
(A) Sagittal views of dynamic iMSDE SSFP images of a 34-year-old healthy
male volunteer. Marked attenuation is seen in the signal intensity of the
cerebrospinal fluid (CSF) spaces, including the third ventricle, Sylvian
aqueduct, upper part of the fourth ventricle, ventral surface of the brain
stem, cisterna magna, and cervical spinal canal on the iMSDE images.
(B) Coronal dynamic iMSDE SSFP images of a 57-year-old healthy male
volunteer. Extensive signal intensity attenuation is observed in the CSF
spaces such as the third ventricle and foramen of Monro.
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noninvasive manner. Its broad clinical application is anticipated in
the future.
The iMSDE preparation has been reported in several clinical
studies. Speciﬁcally, the reduction of artifacts in the carotid
vessel wall,17,19,20 vascular visualization of arteries and veins in
the lower extremities,21 suppression of post-contrast arteriove-
nous signals in intracranial metastatic tumors,22 and clinical
application in neurography23 also have been reported. In 2012,
Takahara and Kwee24 proposed a unique diffusion-weighted
sequence that showed well-deﬁned irregular CSF motion
between the spinal subarachnoid space and a spinal arachnoid
cyst. In addition, Yoneyama et al.23 were successful in obtaining
magnetic resonance neurography that clearly differentiated
between CSF and neuronal structures using iMSDE. (Of noteWORLD NEUROSURGERY 97: 523-531, JANUARY 2017in that report, Yoneyama et al. used iMSDE without balanced
SSFP.)
Balanced SSFP acquisition in combination with the iMSDE
preparation has been used in noncontrast-enhanced angiography
or cardiac imaging because of its extremely short acquisition
time.25 Balanced SSFP is a rapid sequence that is suitable for
visualizing substances with long T2 values, such as water, and is
therefore useful in detecting CSF motion.
Consequently, we thought this particular feature may create a
maximally effective sequence for motion imaging. Because the
iMSDE method can be used in conjunction with other imaging
methods, we combined rapid sequence SSFP with iMSDE on and
off and studied the irregularity of CSF motion. The main feature of
the present approach is that the behavior of CSF that exhibits
irregular motion is optimized by applying contrast in the directionwww.WORLDNEUROSURGERY.org 527
Figure 4. Dynamic improved motion-sensitized
driven-equilibrium steady-state free precession
(iMSDE SSFP) image after third ventriculostomy.
Sagittal dynamic iMSDE SSFP image of a 27-year-old
male patient 9 months after a third ventriculostomy for
noncommunicating hydrocephalus due to obstruction
of the Sylvian aqueduct. Patency of the fenestration
site (arrowheads) is clearly observed.
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visualizing the irregularity of CSF motion by using a combination
of SSFP and iMSDE.
In the present dynamic iMSDE SSFP technique, the images with
iMSDE off were subtracted from those with IMSDE on (Figure 2).
With this subtraction, the brain parenchyma, skull, and otherFigure 5. Images of an arachnoid cyst in the cisterna magna. (A) Anatomical
T2-weighted image of a 42-year-old male patient with an arachnoid cyst in
the posterior fossa. (B) Sagittal dynamic improved motion-sensitized
driven-equilibrium steady-state free precession (iMSDE SSFP) image
before the surgery. No cerebrospinal fluid (CSF) communication between
the cisterna magna and the cyst is recognized. (C) Dynamic iMSDE SSFP
528 www.SCIENCEDIRECT.com WORLD NEUextracranial soft tissues were subtracted, and the image
accentuating the CSF motion information was obtained
(Figure 2B). Because iMSDE off is subtracted from iMSDE on, it
is entirely feasible to visualize ﬂow that only occupies an
extremely small portion within a certain volume. Careful
attention, however, is necessary when CSF motion traverses
diagonally to the slice section because it appears larger than the
actual diameter. Careful attention is also necessary when CSF is
stationary because the signal becomes identical to that of the
brain or spinal cord parenchyma due to the fact that irregular
CSF motion is absent at that site. In the sequence presented
here, the acquisition was repeated 15 times. Although consensus
has yet to be reached regarding where the driving source of
CSF originates, there are at least 2 known sources of CSF
pulsation—the heartbeat26 and respiration27—and these 2
sources intermingle with each other.28,29 The visualization of
CSF motion with the PC approach uses electrocardiography or
peripheral pulse wave triggering,30 but this method has received
criticism in that it cannot fully observe respiration-derived CSF
motions.31 For this reason, the sequence we propose does not use
heartbeat or respiratory triggering, and the imaging procedure can
therefore be initiated at any point. In addition, by repeating the
acquisition 15 times, our approach can ascertain the changes in
any CSF motion that has a longer cycle than the heartbeat.
As depicted in the videos, the presentation of consecutive
dynamic images allows the reader to appreciate that any type of
CSF motion can be detected as long as there is velocity distribu-
tion. Furthermore, the extent of signal decrease that occurs
with CSF motion becomes greater with increased irregularity inimage at the same location after the membranectomy. Satisfactory
communication between the cisterna magna and cyst is evident because
of the marked attenuation of the CSF at the site. Increased irregular CSF
motion recovered on the ventral surface of the brainstem and the outlet of
the fourth ventricle is also recognized.
ROSURGERY, http://dx.doi.org/10.1016/j.wneu.2016.07.062
Figure 6. Images of a cystic lesion in the quadrigeminal
cistern. Images of dynamic improved motion-sensitized
driven-equilibrium steady-state free precession (A) and
the time-spatial labeling pulse (B) method show
increased irregularity of cerebrospinal fluid motion in
the third ventricle and cyst as well as communication
between the cystic lesion and the third ventricle
(arrowheads).
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observing consecutive dynamic images would allow the clinician
to more easily appreciate this expansion in distribution. Although
the number of dynamic scans can certainly be adjusted at each
facility, careful attention is necessary because a respiration cycle,
which is a longer than a heartbeat cycle, may not be observed if the
number of dynamic scans is decreased.
Generally, a CSF region with greater velocity also has more
inhomogeneity in velocity distribution, resulting in greater
contrast in the image intensity. Therefore, the images in
Figures 3e6 exhibit such motion-induced image contrasts.
Historically, many researchers have used PC as the sequence
for observing CSF motion, and this method is used widely in
clinical practice at the present time. The PC method requiresWORLD NEUROSURGERY 97: 523-531, JANUARY 2017electrocardiac or peripheral pulse gating to visualize the ﬂow rate
of CSF motion. There are limitations, however, such as its
dependency on the heartbeat for the timing of the image and the
long acquisition time for imaging. The net scan time per study
period was 25 seconds in the dynamic iMSDE SSFP in the present
setting, whereas it was 1 minute, 48 seconds (depending on heart
rate) when the PC method was used. Because of the relatively
longer scan time, the PC technique needs electrocardiac or
peripheral pulse gating to map pulsatile CSF motion, and thus any
arrhythmia can make the scan throughput lower. The time-SLIP
technique allows visualization of CSF motion using CSF label-
ing; therefore, a direct and fair comparison is difﬁcult. In this
technique, however, labeling the CSF is complicated, and the ﬁeld
of view is limited. The present dynamic iMSDE SSFP techniquewww.WORLDNEUROSURGERY.org 529
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(i.e., the dynamic iMSDE SSFP technique does not require cardiac
or respiratory gating or complicated settings of the excitation and/
or imaging slab). Our proposed dynamic iMSDE SSFP can detect
irregular CSF motion in the entire image plane; it is not dependent
upon the heartbeat; and it does not require complex post-
processing. From images of healthy volunteers, we validated that
this method achieves results comparable to existing sequences of
PC and time-SLIP methods. Speciﬁcally, we clearly demonstrated
the irregularity of CSF motion observed in the third ventricle and
its spread to adjacent ventricles as well as irregular CSF motion
from the subarachnoid space of the upper cervical spinal cord to
the ventral surface of the brainstem, both of which have been
shown with the PC and time-SLIP methods. Furthermore, the
usefulness of the dynamic iMSDE SSFP technique is well
demonstrated in Figure 3 for a healthy volunteer.
In many studies that used MRI, CSF motion became hyper-
dynamic as the result of conditions such as hydrocephalus, and
with the complex changes in the spin phase, irregularity of CSF
motion developed because of the increased ﬂow rate of CSF in the
cerebral aqueduct. Furthermore, in the subarachnoid space where
the arachnoid trabecula, nerves, and blood vessels intertwine in a
complex manner, laminar ﬂow is unlikely because the motion of
the CSF is strongly restricted, and the irregularity of CSF motion
further increases due to the faster ﬂow rate of CSF.5,8,13 The
dynamic iMSDE SSFP method that we describe does not require
the synchronization of CSF irregularity. Moreover, it can scan the
whole imaging plane in a short amount of time, suggesting the
implications of the present approach being used as an initial530 www.SCIENCEDIRECT.com WORLD NEUscreening tool to evaluate the pathology of diseases that cause
abnormalities in CSF motion. Following this procedure, a site that
requires a quantitative analysis of CSF can be identiﬁed, or the PC
method can be performed additionally if the relationship with the
heartbeat needs to be ascertained. In addition, time-SLIP can also
be performed if the accurate distance of motion or the direction of
the spin needs to be determined. As described here, by using
dynamic iMSDE SSFP as an initial screening tool for examining
CSF motion and subsequently combining it with PC or time-SLIP,
a novel testing schedule can be proposed.CONCLUSIONS
In this study we validated the dynamic iMSDE SSFP technique
proposed as a novel concept of CSF motion visualization. The
iMSDE preparation in combination with balanced SSFP signal
acquisition is capable of depicting CSF motion with its negative
contrast in healthy volunteers and patients. The primary advan-
tages of the present dynamic iMSDE SSFP are: 1) it may highlight
various CSF motions in a quick scan without gating and yet with
similar visualization to the conventional PC technique; 2) the
motion can be observed in an arbitrary plane; and 3) no compli-
cated CSF labeling is involved. There are some limitations of the
dynamic iMSDE SSFP technique with regard to the present
implementation. They include the lack of quantitative analysis and
the lack of scan synchronization with the cardiac and respiratory
cycles. It is highly expected that the proposed technique may be
applied to diagnosis, surgical planning, and postoperative obser-
vation in clinical practice in the near future.REFERENCES
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